Austenite mechanical stability, i.e., retained austenite volume fraction (RAVF) variation with strain, and transformation behavior were investigated for two third-generation advanced high-strength steels (3GAHSS) under quasi-static uniaxial tension: a 1200 grade, two-phase medium Mn (10 wt pct) TRIP steel, and a 980 grade, three-phase TRIP steel produced with a quenching and partitioning heat treatment. The medium Mn (10 wt pct) TRIP steel deforms inhomogeneously via propagative instabilities (Lu¨ders and Portevin Le Chaˆtelier-like bands), while the 980 grade TRIP steel deforms homogenously up to necking. The dramatically different deformation behaviors of these steels required the development of a new in situ experimental technique that couples volumetric synchrotron X-ray diffraction measurement of RAVF with surface strain measurement using stereo digital image correlation over the beam impingement area. Measurement results with the new technique are compared to those from a more conventional approach wherein strains are measured over the entire gage region, while RAVF measurement is the same as that in the new technique. A determination is made as to the appropriateness of the different measurement techniques in measuring the transformation behaviors for steels with homogeneous and inhomogeneous deformation behaviors. Extension of the new in situ technique to the measurement of austenite transformation under different deformation modes and to higher strain rates is discussed.
I. INTRODUCTION

THIRD-GENERATION Advanced High-Strength
Steels (3GAHSS) are typically transformation induced plasticity (TRIP) steels with microstructures that contain different volume fractions of ferrite (a), retained austenite (c or RA), bainite and martensite (a¢) produced from various alloying and heat-treatment schemes. In addition to dislocation-mediated plasticity, the diffusionless phase transformation of retained austenite into martensite with plastic straining, or the so-called TRIP-effect [1, 2] denoted by c fi a¢, is also very important for 3GAHSS. This transformation delays necking and fracture and leads to exceptional ductility and strength and hence mechanical properties that are attractive for many applications. In some cases, austenite transformation to a¢-martensite may also involve an intermediate step through e-martensite, which is the hexagonal close-packed (hcp) form of martensite that can nucleate with straining because of the low difference in Gibbs free energy between the c and e phases. The subsequent transformation of e-martensite to a¢-martensite has been experimentally confirmed elsewhere. [3] [4] [5] The 3GAHSS are generally distinct from other TRIP steels by virtue of a higher (initial) retained austenite volume fraction (RAVF) and often higher manganese (Mn) content. [6] There are two significant challenges for the wider applications of 3GAHSS: (1) the desired ductility and work hardening are sensitive to the initial volume fraction and the stability of the metastable retained austenite during plastic straining [7] ; (2) the constitutive models used in finite element-based component forming and performance simulations are dependent upon accurate measurement and description of the retained austenite transformation behavior, i.e., RAVF vs strain. [8] Regarding (1) , ductility is adversely affected if the austenite transformation proceeds too rapidly. Alternatively, strength is adversely affected if the austenite transformation proceeds too slowly. The transformation rate has been shown to exhibit both temperature [9, 10] and strain path dependencies. [11] Various alloying elements (e.g., C and Mn) are used to control the thermodynamic stability of austenite, and the post-heat-treatment austenite chemistry can also affect transformation rate. [12] Regarding (2) , different methods for measuring RAVF have been explored in the literature. A useful summary of these methods is presented in Jacques et al. [13] which detailed results from a round robin study of retained austenite measurements (with no plastic straining) with several characterization methods including light microscopy, low-energy X-ray diffraction, electron backscattered diffraction (EBSD), magnetic saturation, thermal diffusivity, and laser ultrasonic. Substantial variability in measured RAVF was observed, none of the investigated techniques emerged as the preferred technique.
Several other studies reported applications of highly penetrating beam-based volumetric measurement methods, i.e., synchrotron X-ray diffraction [14] [15] [16] [17] [18] [19] [20] [21] (or high-energy X-ray diffraction, HEXRD) and neutron diffraction, [22] [23] [24] [25] in measuring the retained austenite in various TRIP steels. Neutron diffraction measurement times are typically longer than HEXRD, since the neutron beams have lower energy and flux, leading to longer acquisition time for an accurate RAVF measurement. Another limitation of using neutrons is that the specimen may become radioactive after neutron radiation and can only be reused for other purposes after as long as a month for safety reasons. Compared with neutron diffraction, HEXRD has higher diffraction angular resolution and very little absorption.
The majority of HEXRD-based RAVF vs strain data has been generated ex-situ of material deformation, i.e., the RAVF data were acquired from prestrained specimens at a predetermined plastic strain. [26, 27] For example, in their study of a Quenched & Partitioned (Q&P) 980 grade steel, Poling et al. [14] recorded digital images of the gage section of tensile specimens up to a selected plastic strain with stereo digital image correlation (DIC). Strain fields were then obtained and the gage section of each tested specimen was subsequently cut into 6 mm 9 6 mm squares. From the DIC-obtained strain field, the average strain of each square was calculated. The RAVF for each square was then measured with synchrotron X-ray diffraction. The measured austenite transformation curve was constructed by correlating the RAVF for each square (y axis) with the corresponding strain level for the square (x axis) measured with DIC. The main drawback of this ex situ measurement lies with the time-consuming specimen preparation procedure required to include strains up to the end of uniform elongation in the transformation curve. A notable exception is the recent work of Brauser et al. [28] and Kromm et al. [29] who reported the ex situ coupling of DIC and synchrotron X-ray diffraction data for austenite transformation measurement in a TRIP steel that exhibited homogeneous deformation. However, the strains from DIC were not coupled in real-time with the synchrotron X-ray measurements on the same specimen. Rather, a strain mapping procedure was used which assumes the DIC-measured strain distributions from the ex situ tensile specimen are the same as the strain distributions developed in the HEXRD tensile specimen. On the other hand, in several recently reported HEXRD-based in situ RA transformation measurement approaches, nominal tensile strain values averaged over the entire specimen gage area (global strain) were used because of the difficulty in obtaining local strain fields for the same material volume from which RAVF measurements are made during deformation. [30] [31] [32] Such measurements may or may not account for compliance (or elastic deformation) of the load frame during testing.
The accuracy of the above described measurement approaches (ex situ DIC strain mapping and in situ global strain measurement) may become questionable for sheet metal alloys that deform inhomogeneously via localized plastic strain accumulation, e.g., a localized deformation band that propagates along the specimen gage region, since the strain measurement is not explicitly coupled with the RAVF measurement volume in real-time. Examples of inhomogeneous deformation in steels are Lu¨ders bands [33] and dynamic strain aging associated with the Portevin-Le Chaˆtelier (PLC) effect. [34] In this paper, the mechanical stability and transformation behavior of retained austenite, i.e., the RAVF vs strain under quasi-static uniaxial tension, in two room-temperature-stampable 3GAHSS are investigated: (1) a 980 grade, three-phase Q&P steel (Q&P980); (2) a 1200 grade, two-phase, 10 wt pctMn TRIP steel. These steels were chosen not only because of the significant differences in their microstructures and chemistries, but also because they accumulate plastic strains very differently due to different deformation mechanisms. Of particular interest was whether or not inhomogeneous deformation involves both localized strain accumulation and localized austenite transformation. To address these issues, a novel in situ technique was developed in which a stereo DIC measurement system was placed inside the synchrotron X-ray beam chamber 11-ID-C of the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). This enabled the simultaneous local measurement of RAVF vs strain, with strains measured over the beam impingement area and RAVF measured within the material volume irradiated by the synchrotron X-ray beam during deformation. Results from the combined DIC/synchrotron approach are compared with a more commonly reported approach in which RAVF is measured in the same manner, but strains are measured globally over the entire gage region.
II. MATERIALS
The RAVF vs strain (i.e., the mechanical stability of retained austenite) to fracture was measured in situ for the Q&P980 and 10 wt pctMn TRIP steels during quasi-static tensile deformation. The chemistries of the steels are listed in Table I . Note that Si is added to delay carbide formation, increasing the hardenability of austenite and the potential for partitioning of carbon into austenite, while Mn is an austenite stabilizer.
The Q&P980 is a three-phase TRIP steel subjected to a two-step quenching and partitioning heat treatment. [35] Its microstructure consists mainly of retained austenite (c), ferrite (a), and martensite (a¢)-as either carbon depleted martensite (from which carbon partitioned to austenite), [34] tempered martensite (a¢ T ) (which underwent classical tempering reactions), [36] and/or fresh martensite (a¢ F ) (which formed upon final cooling after the partitioning step and is essentially untempered. [37] The new martensitic phase after quenching has a body-centered tetragonal (BCT) structure with a unit cell that is a distorted body-centered cubic (BCC) ferrite phase. The reduction of C in the martensite matrix during the partitioning step to austenite alters the lattice parameter of martensite to make the BCT crystal structure closer to the cubic ferrite, which is the equilibrium phase at the partitioning temperature. These changes render the martensitic phase softer after partitioning relative to the new martensite after quenching. Compared to new martensite, the tempered martensite has smaller tetragonality (c/a ratio) due to its lower C content.
The 10 wt pctMn TRIP steel was produced through double intercritical annealing in the ferrite-austenite region [12] under a N 2 environment. Austenite is stabilized through enrichment with Mn, and the initial microstructure contains no martensite. The annealing in the N 2 environment produced shallow surface cracks that were later removed with light surface grinding. Additional details pertaining to the processing of so-called medium Mn TRIP steels may be found in Reference 38. Figure 1 shows field emission scanning electron microscopy (SEM) micrographs of the Q&P980 (Figure 1(a) ) and 10 wt pctMn TRIP (Figure 1(b) ) microstructures. The Q&P980 steel sheet was 1.37 mm thick, and it initially contained~36.8 pct ferrite,~51.7 pct martensite and~11.5 pct austenite.
[32] The 10 pctMn TRIP steel sheet was 0.8 mm thick and it initially consisted of~65 pct austenite and~35 pct ferrite. The austenite volume fractions are estimated based on the diffraction measurements presented later in this study. The differentiation of ferrite and martensite for the as-received Q&P980 steel is through peak deconvolution of the overlapping peaks of the two phases as detailed in Reference 32. It is to be noted that the ferrite/martensite peak devolution is not performed in the current study since austenite volume fraction calculation is the main focus.
III. EXPERIMENT
The main elements of the experimental setup are shown in Figure 2 . These include a high energy (105 keV) synchrotron X-ray beam source (not shown) with a 0.11650 Å wavelength; a Perkin-Elmer aSi flat panel area detector (1.896 m detector-to-test specimen distance, beam position, and tilt calibrated with a CeO 2 standard); a miniature tensile load frame (~13 kN capacity, 50 lm/s maximum pull speed, displacement controlled) between the X-ray beam and the detector; and a 3-D stereo DIC system (two-5 Megapixel cameras, maximum capture rate of 15 fps, lens f-stops, and lighting adjusted for maximum spatial resolution). [39] Note that the synchrotron X-ray beam measurement is volumetric; hence all the grains through the sheet thickness (~1 mm thick) within the 0.5 mm 9 0.5 mm beam impingement area with lattice planes satisfying the Bragg's law contribute to the measured diffraction patterns. This gives an improved statistical representation of the microstructure relative to Cu Ka X-ray diffraction (for example) with which penetration depths are typically limited to several microns because of the much lower beam energies (8-17 keV). [40] The flat panel area detector in Figure 2 captures the diffracted beams as Debye-Scherrer patterns which consist of a series of diffraction rings corresponding to different lattice planes. The DIC system was placed inside the synchrotron X-ray beam chamber, as shown in Figure 2 , to enable simultaneous measurements of strain and diffraction data (from the Debye-Scherrer patterns), which were subsequently processed for RAVF.
The miniature load frame was initially rotated, and then fixed so that the DIC cameras each made an angle of~30 deg to specimen surface. This enabled the DIC cameras to provide images that capture the specimen gage area. Analysis of Debye-Scherrer patterns in ancillary tests of the two 3GAHSS examined in this study, wherein an undeformed specimen was rotated within 0 to 180 deg through the beam, showed negligible RAVF variation with the beam tilt angle. The 50 mm camera lenses were set at~650 mm from the test specimen, yielding~38 lm pixel resolution. Each digital image was tagged with a load and displacement from the load frame (see Figure 2 ) for data synchronization to facilitate post-processing. Dogbone test specimens were prepared from all materials with wire EDM with a 9.5 9 2.9 mm 2 parallel gage area. The test specimen geometry is shown within the blue callout square in Figure 2 . A painted speckle pattern (black droplets on a white background) was applied to each test specimen to provide sufficient contrast for DIC. It was verified in ancillary tests that the paint layer did not affect the diffraction measurements. At the outset of each test, the synchrotron X-ray beam was positioned at the center of a tensile specimen gage region (via computer-controlled adjustment of the load frame) with a 0.5 mm 9 0.5 mm beam impingement area.
After gripping a tensile specimen and subsequently applying a slight preload (< 100 N), tensile testing and DIC image capture were simultaneously triggered. Each specimen was deformed to fracture in an interrupted fashion with a displacement increment of 100 lm (at a rate of 30 lm/s), followed by 10 seconds of synchrotron X-ray beam exposure time for the diffraction measurement. The average total test time was~18 min/test.
IV. RAVF AND DIC STRAIN CALCULATION PROCEDURE AND RESULTS
A total of three tensile specimens for each of the steels were tested for repeatability. Results from each were very similar, and hence a representative set of results are detailed in what follows.
A. RAVF Calculation Procedure
Diffraction data were processed by first integrating the intensity (I 0 to 360 ) of each Debye-Scherrer pattern with respect to b (0 to 360 deg), where b is the (azimuthal) angle relative to the transverse direction, TD, to obtain I 0 to 360 À 2h curves. The OriginPro software [41] was then used to fit the diffraction peaks for retained austenite and the BCC/BCT phases (ferrite and martensite in Q&P980). Note that deviation of lattice parameters is small between the BCC ferrite and BCT martensite when the martensitic tetragonality is small, and hence their diffraction peaks all overlap. Consequently, they were treated as a single phase, and the various peaks were not separated for the RAVF calculation. The areas under the peaks of the lattice planes were obtained after peak fitting. The 2h angle was determined from the radial distance d (center of the Debye-Scherrer pattern to a specific point in the pattern) and the calibrated distance (D = 1.896 m) between the area detector and the sample (see Figure 2) . The areas under the peaks of the lattice planes were obtained after peak fitting. The RAVF (f c ) was calculated from [42] :
Here, i and j specify lattice planes in the austenite and BCC/BCT phases, respectively, I is the peak area, R is dependent on beam wavelength, which was calculated assuming a random texture, [12, 13] and N and M are the numbers of planes for austenite and BCC/BCT phases, respectively. Three planes were considered for each variant of the phases: (111), (200), and (220) for austenite; (110), (200), and (211) for ferrite/martensite. Note that an ASTM standard [42] has been used for the austenite volume fraction calculation with the assumption of random texture since the material has a relatively weak texture. This method is quick for processing large amounts of data, and it has shown reasonable accuracy compared with SEM microstructural analysis. [32] Alternatively, the full pattern fitting with Rietveld refinement in various software packages can be used to determine the phase volume fractions more accurately when texture corrections are incorporated. For the complex multiphase steels examined in this study, however, our preliminary attempt showed that it was quite challenging to obtain a satisfactory full pattern fit, and therefore the simpler method relying on single peak fitting was adopted here rather than the Rietveld refinement.
B. DIC Strain Mapping Procedure
The digital images, acquired at 1 frame/s from the DIC system shown in Figure 2 , were post-processed for displacement fields with a DIC algorithm [39] using a 15 9 15 pixel 2 subset size and 3 pixel grid point spacing, generating a field of~25 9 45 pixel 2 subsets. For the strain computation, images were compared cumulatively relative to the initial reference frame. Since the beam area on a test specimen surface is fixed in space during the in situ tension experiments, the strain value (per strain map) at any particular point in time was obtained by averaging the DIC strains over a circular area 0.5 mm in diameter (for computational expediency), which closely approximated the synchrotron X-ray beam impingement area. This area is shown as a black circle in each of the DIC strain contour maps in subsequent figures.
C. Results
Debye-Scherrer patterns before loading (e = 0) and at e = 0.1 (global engineering strain) are shown in Figures 3(a) and (b), respectively, for various diffracting planes of the austenite (c) and the BCC/BCT phases (a) in a Q&P980 tensile specimen. The diffraction patterns in Figure 3 (a) for various phases indicate a weak texture inherited from the prior rolling process [32] since the intensity around each diffraction ring is rather uniform. A 110 fiber texture for the BCC/BCT phase developed after tensile straining along the loading direction (Figure 3(b) ) which is typical for a BCC material under tension. As previously mentioned, there are initially three constituent phases (austenite (c, FCC), ferrite (a, BCC)), and martensite (a¢, BCT) in the Q&P980 steel. The peaks of the BCC and BCT phases overlap in the diffraction rings and the integrated intensity profiles (Figures 3(c) and (d) ). We refer to the BCC and BCT phases as BCC/BCT phases (a, a¢), or simply a in Figures 3 and 4 . Note also that the RAVF measurement does not distinguish between blocky and film austenite. [43] In Figure 3 (c), the first three peaks (at small 2h) associated with the austenite phase are (111), (200), and (220). The first three peaks associated with the BCC/ BCT phases are (110), (200), and (211). As noted in Figure 3(d) , the austenite peaks diminish with increasing strain, as expected, while the peaks of the BCC/BCT phases tend to broaden and become more asymmetric due to differences in lattice deformation of each phase and the formation of new martensite. This has been discussed in Reference 32 wherein a detailed analysis of the peaks and peak shifts is used to obtain individual phase properties.
Debye-Scherrer rings before loading (e = 0) and at e = 0.1 (global engineering strain) from the 10 wt pctMn TRIP steel for various diffracting planes of the retained austenite (c) and ferrite phases (a) are shown in Figures 4(a) and (b) . Figure 4(a) shows that even at e = 0, there is slight preferred orientation relative to the rolling direction, i.e., more austenite grains with (111) planes and BCC/BCT grains with (110) planes are perpendicular to the loading direction. This suggests that the double annealing process associated with Q&P was not sufficient in completely erasing the preferential orientation that resulted from previous processing. Figure 4 (c) at e = 0. Analysis of integrated intensity profiles at higher strains revealed that e-martensite peaks first appear at e = 0.045, achieve a maximum intensity at e = 0.1, and then diminish as strain increases (but never fully disappear), suggesting that e-martensite is a transitional phase in the 10 wt pctMn TRIP steel. It is interesting to note that this behavior is similar to that reported by Shen et al. [44] who used in situ neutron diffraction to investigate deformation mechanisms in a Fe-20Mn-3Si-3Al-0.045C (wt pct) twinning induced plasticity (TWIP) steel. They found that e-martensite appears at a (true) tensile strain of~0.025 and the volume fraction of e-martensite levels off to a near constant (albeit small) value at larger strains unlike the e-martensite in the 10 wt pctMn TRIP which slowly decreases with increasing tensile strain. Previous reports have indicated that e-martensite can act as nucleation sites for BCT martensite. [45] [46] [47] The nucleation of e-martensite suggests a lower energy alternative to direct transformation from c to a¢. The HCP crystal structure requires less strain in the surrounding phases to accommodate the change in lattice volume, and thus its nucleation can happen more readily than a transformation to BCT a¢. The hexagonal crystal structure is not thermodynamically stable, however, so with additional strain the e-martensite will transform further to BCT a¢-martensite which is also a nonequilibrium phase. Note that the estimated volume fraction of e-martensite in the 10 wt pctMn TRIP steel was very low (£ 2 pct at its highest when e = 0.1) compared with other phases; therefore, it was excluded from the RAVF analysis. Figure 5 compares the measured RAVF vs strain for a Q&P980 specimen with strain values measured in two ways: global strain (e eng ) from averaging deformation over the entire specimen gage length (blue circles) [31, 32] and local strain (e DIC ) measured by averaging DIC strains only within the synchrotron X-ray beam area of 0.5 mm 9 0.5 mm (red diamonds). The data in Figure 5 are representative of the RAVF vs strain measured for all tested Q&P980 specimens. Results in Figure 5 show that the measured RAVF vs strain curves from the two different strain measurement techniques are in reasonable agreement with one another. Note that the DIC data close to zero strain are actually ten data points that fall on top of oneover another over a 135-second period at the earliest stages of the test (data collection occurred at the same time interval). The initial RAVF is 9 pct, which is lower than the initial 12 pct RAVF reported by Poling et al. [14] and Xiong et al. [43] for Q&P980 (due to differences in heats examined in the respective studies or analysis methods-e.g., peak integration). Up to the end of uniform elongation (e eng~1 1 pct, denoted by the vertical dashed line with annotation ''Uniform tensile deformation'' and ''Localized deformation'' pointing to the left and right, respectively), the global strain data (light blue) suggest slightly faster austenite transformation relative to the DIC data (i.e., beyond the initial DIC points close to zero strain). As a neck develops, this trend continues. This modest discrepancy is a direct outcome of the differences in strain measurement between the two techniques. The DIC data are based on local (surface) strain values associated with the material volume that is exposed to the X-ray beam, while the global strain data include material that is outside of the X-ray beam volume. Since it enables localized measurement of both strains and RAVF over the beam impingement area, we believe that the DIC data are the most accurate representation of RAVF vs tensile strain. The minimal deviation between the two in Figure 5 suggests that the global strain measurement, which resulted from a conventional approach (without DIC), provides a sufficiently accurate RAVF vs strain for Q&P980, and in general, for steels that accumulate plastic strains homogeneously. Results are indicative of all Q&P980 specimens tested. The light blue data (filled circles) denote global engineering strain e eng averaged over the entire gage length, and the red data (filled diamonds) denote local strains (e DIC ) by averaging DIC strains only within the synchrotron X-ray beam area of 0.5 mm 9 0.5 mm. (Bottom) Selected DIC strain contour maps, e yy (x,y), where y is along the LD (vertical direction in each map, also the rolling direction) and x is along the TD (horizontal direction in each map), at five global strain levels from left to right, respectively: (i) 0, (ii) 5 pct, (iii) 11 pct (yield), (iv) 18 pct, (iv) 31 pct (significant neck development). The open black circle in each of the five DIC strain maps represents the synchrotron X-ray beam area on the specimen over which both e DIC and RAVF were was measured. Red contours in the strain maps (i)-(v) denote the highest strains. All data points were collected at a fixed time increment. Each strain map as shown covers only a portion of the gage region (Color figure online).
Selected DIC surface strain contour maps are shown at the bottom of Figure 5 where arrows emanating from the plot connect specific data points with temporally corresponding strain contour maps. The strains maps show only a portion of the gage region. Contour maps (i)-(iv) suggest homogeneous deformation in the Q&P980 tensile specimen gage section, with the contour map (v) showing necking (red contours). Note especially that the contour colors are similar, if not identical for maps (i)-(iv) both within and outside of the open black circle in each map which represents the synchrotron X-ray beam area on the specimen surface. Figure 6 shows the RAVF vs e DIC (local strain) and engineering stress vs e nom DIC (nominal engineering strain) from a representative in situ tensile test of Q&P980.
Here, e nom DIC is used to denote the nominal sample-level tensile strain computed by averaging the DIC strains over the entire gage section. Note that this material has a tensile strength and a total elongation of~1.0 GPa and e DIC~2 5 pct, respectively. Although the strains were measured differently, placing these two curves on the same plot is reasonable for this material since there are only minimal differences between e DIC and e nom DIC , at least up to necking. The comparison in Figure 6 is useful since it provides insight as to the role of austenite on mechanical behavior. The retained austenite transforms rapidly with strain, with~5 pct RAVF at 5 pct strain, as the material work hardens. At necking (e nom DIC~1 1 pct), more than 50 pct of the retained austenite has transformed as work hardening diminishes. According to Xiong et al., [43] blocky austenite (see Figure 1 (a)) transforms before lath austenite due to morphology effects on its stability. Figure 6 also suggests that the RAVF can be directly related to the average local strain in a part stamped from the Q&P980 TRIP steel, a result of homogeneous plastic deformation and austenite transformation. The data in Figure 6 are reliable up to the end of uniform elongation. Beyond uniform elongation, the RAVF vs strain measurement becomes questionable since the X-ray beam is fixed and there is no guarantee that its location in the gage section and the location of the neck, where the highest strains occur, will be coincident. Figure 7 shows the measured RAVF vs strain curves for a 10 wt pctMn TRIP steel tensile specimen using the same strain measurement techniques, as described in Figure 5 , that define DIC-based local strain (e DIC ) and global strain (e eng ). Strain contour maps from DIC are shown at selected times and corresponding e DIC values at the top and bottom of the RAVF vs strain plot. Arrows emanating from the plot connect specific data points with temporally coincident strain maps.
Unlike the Q&P980 steel, tensile deformation is highly inhomogeneous. Strain contours both within and outside of the black circle (the synchrotron X-ray beam area) in each strain map suggest strain levels, different from what is observed in maps (i)-(iv) for the Q&P980 test detailed in Figure 5 . For example, in the e yy (x,y) DIC contour map (iii) in Figure 7 (top), the black circle is largely filled with green, while a range of different strain levels is suggested by the different contour colors outside of the black circle in other regions of the gage section. Another critical difference between Figures 5 and 7 is the fact that the RAVF vs strain profiles in the latter that are not smooth, but rather, contain gaps between adjacent data points (with the light blue data from the global strains exhibiting plateaus with obvious steps) even though all data were sampled at a fixed time increment. During the earlier stages of plastic deformation (e DIC < 12 pct), DIC reveals a deformation band (which is phenomenologically similar to a Lu¨ders band [48] ) that sweeps across the entire gage length from top (moving) to bottom (fixed); this band propagation is clearly illustrated by the five selected DIC strain maps labelled (i-v). This highly inhomogeneous deformation requires a critical examination of how strains are parsed from the test data and then coupled with the synchrotron X-ray diffraction data to produce the most accurate representation of austenite mechanical stability for the 10 wt pctMn TRIP steel (and other 3GAHSS that exhibit similar inhomogeneous deformation).
Focusing on the DIC data (red) in Figure 7 , we note an initial RAVF value of 65 pct at a strain close to zero (~0.5 pct). What appears to be a single DIC data point is actually ten DIC data points (equally spaced in time) in close proximity at a constant RAVF. The selected DIC strain maps (i) at t = 123 seconds, e DIC = 0.35 pct and (ii) at e DIC = 0.35 pct and t = 137 seconds, which are connected to two of the 10 DIC data points via arrows, show the development of inhomogeneous strain fields at this very early stage of strain accumulation even though the band has not propagated into the X-ray beam as the material is continuously being strained. Within the next time step, an additional e DIC = 4.14 pct has accumulated, indicating that point at which the localized deformation band (green in DIC map (iii)) enters the DIC analysis region and synchrotron X-ray beam (denoted by the open black circle). The step change in RAVF, and the fact that this is detected once the band crosses into the open circle, implies that austenite transformation is localized to the band and hence does not occur homogeneously as is the case for Q&P980. The localization of a phase transformation is not uncommon with one example being the austenite to martensite transformation during elongation of NiTi shape memory wires. [49] In the subsequent two DIC strain maps (iv) and (v), the band progresses through the beam location, imposing a total strain of e DIC = 11.6 pct, and a further decrease of RAVF to 47 pct. The strain and RAVF values remain unchanged, with eight data points from the DIC measurement being sequentially logged until the band completes its sweep over the entire gage region and additional plastic strain starts accumulating in the material. From the instant the band passes into the open circle until it completes its sweep, the light blue data (corresponding to the global measurement) depict continuous strain accumulation thus leading to the second flat-step (at 47 pct RAVF) in Figure 7 . These data are sensitive to strain accumulation outside of the beam window, whereas the DIC technique only logs data as a band passes in and out of the X-ray beam.
Results in Figure 7 indicate that the transformation kinetics measured with global strain (e eng ) do not accurately quantify austenite mechanical stability in the 10 wt pctMn TRIP steel since they fail to effectively couple localized strain measurement with localized austenite transformation, both of which must be measured over the synchrotron X-ray beam area for this material (recalling that the X-ray measurement is volumetric). Note that e DIC~1 1.6 pct is the end of the yield point elongation in the 10 wt pctMn TRIP tensile specimen and the beginning of hardening. Additional jumps in each dataset occur at smaller strain increments than those during yield point elongation as the material begins to harden and each jump results from the propagation of bands that are phenomenologically similar to the Type A (or highly spatially correlated) PLC bands into the open circle wherein austenite transformation is also localized. This was confirmed in ancillary tests on a laboratory load frame wherein the tests were not interrupted and the band behavior was found to be similar to that observed in the synchrotron tests as well as in other steels. [50, 51] While the bands denote localized plasticity and austenite transformation, they are not indicative of necking until the specimen is close to fracture. Fracture ultimately occurs within one of the propagating bands. Examples of cumulative strain maps, which show inhomogeneous deformation at selected test times and e DIC during hardening, are given in maps (vi)-(x). Again, each corresponds to specific data points with the indicated time and e DIC values. Maps (vi)-(viii) are associated with constant RAVF (~11 pct) and e DIC (~30 pct) values. The PLC-like band in this particular case propagated along the specimen gage section from the top (moving) to bottom (fixed) gripper ends, but it skipped over, rather than crossed into the beam location during the time when these data were recorded. Hence, DIC registers no significant changes in strain values, and thus there is no measured change in RAVF. The next PLC-like band, associated with (ix) and (x), does enter into the beam window and there is a subsequent change in RAVF and e DIC . This suggests that austenite transformation is localized to the PLC-like bands during hardening. Unlike that for the Q&P980 steel, the RAVF vs strain data are reliable up to the point of fracture where necking occurs very briefly. Figure 8 (a) shows the measured RAVF vs strain from DIC for the same 10 wt pctMn TRIP steel specimen considered in Figures 7 and 8(b) shows the corresponding engineering stress vs nominal engineering strain (e nom DIC ) curve. Again, engineering strain in Figure 8(a) is localized e DIC which was measured only over the beam area, while engineering strain in Figure 8 (b) is e nom DIC which was computed by averaging DIC strains over the entire gage region. The 10 wt pctMn TRIP steel has a tensile strength and a total elongation of~1.2 GPa and~40 pct (as measured with DIC over the beam area), respectively. Unlike the Q&P980 steel, there are considerable differences between e DIC and e nom DIC for the 10 wt pctMn TRIP material because of inhomogeneous strain accumulation during tensile elongation. This precludes display of the measured RAVF vs strain with the engineering stress vs strain data on the same plot as was done in Figure 5 for the Q&P980 material. However, the common variable between the two datasets is time, and hence selected data points that correspond to the same testing times are connected with double-headed arrows in Figure 8 to emphasize correspondence between key features in each dataset. Referring to Figure 8(b) , the upper yield point occurs at t 1 , while the Lu¨ders band enters the synchrotron X-ray beam window at t 2 . The early stage of hardening is denoted by t 3 , with t 4 , t 5 , and t 6 denoting the later stages of hardening and propagative instabilities that are phenomenologically similar to PLC bands. These bands nucleate at random locations along the gage length and propagate towards either the fixed or moving gripper end. Hardening begins once a sufficient amount of austenite has transformed to martensite. At t 6 , the material ceases to harden as it begins to neck within one of the bands and at t 7 fracture is imminent. By t 6 , there is no additional austenite transformation.
The unusual deformation phenomenon present in the 10 wt pctMn TRIP steel will require further targeted experiments before exact deformation mechanisms can be more accurately quantified. However, the results of the present study provide some inferences about the mechanisms that control the yield point elongation and the subsequent work hardening. It is apparent that austenite transformation during the yield point elongation stage is isolated within the single Lu¨ders band, but dislocation motion within the band was not experimentally determined. It is unlikely, however, that the deformation within the band can solely be attributed to phase transformation, since martensite forms with a very high mobile dislocation density, and also has a volume change that creates plastic deformation in the surrounding phases. The increase in mobile dislocation density attributed to martensite formation has been well documented in dual-phase steels. [52] The current experimental data do provide evidence that dislocation motion is not occurring outside of the bands in the 10 wt pctMn TRIP steel during the initial yield point elongation. The absence of any strain measurement during the first ten observations and all of the observations following when the band passes the observation window indicate that no deformation mechanism is acting outside the bands during this first stage of yielding. The same is not true once yield point elongation ends and work hardening begins. Points (vi) through (viii) in Figure 7 show a small accumulation of strain in a region outside of the deformation bands, with no change in the measured RAVF. This indicates dislocation motion throughout the gage section. As the material hardens, dislocation plasticity becomes increasingly more significant as the RAVF vs strain levels off, especially for e DIC > 40 pct. This indicates that the deformation mechanism changes from a mix of localized strain-induced austenite transformation and dislocation motion at lower strains to dislocation-mediated plasticity at higher strains when most of the austenite has transformed.
V. SUMMARY REMARKS
Retained austenite transformation with tensile strain in a 3GAHSS that deforms homogeneously and one that deforms inhomogeneously via propagative instabilities was investigated with two measurement techniques. One approach, which is more conventional, uses strains measured globally over the entire gage length of a tensile specimen while simultaneously measuring RAVF only over the X-ray synchrotron beam area (500 lm 9 500 lm) approximated as a circular area of radius 500 microns. In the other technique, developed specifically in this study, strains were measured in situ with a stereo DIC system placed within the beam chamber and coupled with RAVF measurement. Here, both strains and austenite transformation were measured only over the X-ray synchrotron beam area during tensile testing. Results from both techniques showed a smooth, continuous decrease in RAVF vs strain for the homogeneously deforming 3GAHSS, a 980 grade Q&P TRIP steel. In fact, comparison of the RAVF vs strain profiles from both approaches for the 980 grade Q&P TRIP steel revealed only minor differences suggesting that the conventional approach will likely suffice in place of the more instrumentation-intensive in situ approach involving DIC. Irrespective of the measurement technique applied, the accuracy of the RAVF vs strain profile will likely diminish beyond necking since the beam area may not be coincident with necking wherein the largest strains occur with presumably the greatest amount of austenite transformation. On the other hand, results from both measurement techniques for the inhomogeneously deforming steel, a two-phase 10 wt pctMn TRIP steel in which austenite has been enriched with Mn via a double intercritical annealing heat treatment, exhibited a stepped profile due to propagative instabilities, which are bands of localized plasticity. These instabilities resemble the classical Lu¨ders bands during protracted yield point elongation and Type A Portevin Le Chaˆtelier bands which are typically associated with dynamic strain aging and a negative strain rate sensitivity of the flow stress during hardening. While steps resulted from the movement of the bands along the gage section of a tensile specimen, and they are indicative of localized austenite transformation within a band, the amount of data logged was dependent on the measurement technique and the strain at which the RAVF decreased. This led to obvious differences in the corresponding RAVF vs strain curves from the two measurement techniques. For example, the conventional (global strain measurement) approach logged more data than the DIC approach leading to broader steps in its RAVF vs strain profile since it is sensitive to propagative instabilities anywhere within the gage region. Alternatively, the DIC-based local strain results gave fewer data points since it detects a decrease in RAVF only when a band enters and exits the beam window. As straining increases, results from the coupled DIC/synchrotron approach suggest faster austenite transformation relative to results from the conventional approach. Hence, it is recommended that the new approach that couples localized strain and RAVF measurement be applied for the measurement of RAVF vs strain for steels that deform inhomogeneously via propagative instabilities if in fact the most accurate data are required.
Some additional comments regarding the stepped RAVF vs strain profiles of the 10 wt pctMn TRIP steel are warranted. It can of course be argued that allowing the beam to move while fortuitously positioned on a band as it propagates, only to have the beam jump to the location where a subsequent band nucleates, and so on, may in fact result in a smoother profile, perhaps similar to that for the 980 grade Q&P TRIP steel. Alternatively, broadening the beam to cover more of the gage region beyond 500 mm 9 500 mm may work to a similar effect. Unfortunately, neither option was feasible with the fixed X-ray beam.
Most forming processes will involve more than one deformation mode. [20] The combined DIC/synchrotron in situ technique is not limited to tension as it can be readily applied to measure retained austenite transformation under various other strain paths (e.g. bending, compression, shear). The challenge here is largely with the development of a testing stage that can be accommodated within the synchrotron X-ray beam chamber. In addition, austenite transformation will be sensitive to strain rate/temperature as will propagative instabilities such as those in the two-phase 10 wt pctMn TRIP steel. Given the availability of high strain rate testing instrumentation, the combined DIC/synchrotron in situ technique can be used to explore the effects of strain rate/temperature of band propagation and RAVF vs strain and strain rate.
